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Glycosphingolipids between Phospholipid Bilayers
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ABSTRACT: A lipid transfer protein that facilitates the transfer of glycolipids between donor and acceptor
membranes has been investigated using a fluorescence resonance energy transfer assay. The glycolipid
transfer protein (2324 kDa, p 9.0) catalyzes the high specificity transfer of lipids that have sugars
p-linked to either a ceramide or a diacylglycerol backbone, such as simple glycolipids and gangliosides,
but not the transfer of phospholipids, cholesterol, or cholesterol esters. In this study, we examined the
effect of different charged lipids on the rate of transfer of anthrylvinyl-labeled galactosylceramide (1 mol

%) from a donor to acceptor vesicle population at neutral pH. Compared to neutral donor vesicle membranes,
introduction of negatively charged lipid at 5 or 10 mol % into the donor vesicles significantly decreased
the transfer rate. Introduction of the same amount of negative charge into the acceptor vesicle membrane
did not impede the transfer rate as effectively. Also, positive charge in the donor vesicle membrane was
not as effective at slowing the transfer rate as was negative charge in the donor vesicle. Increasing the
ionic strength of the buffer with NaCl significantly reversed the charge effects. At neutral pH, the transfer
protein (d = 9.0) is expected to be positively charged, which may promote association with the negatively
charged donor membrane. Based on these and other experiments, we conclude that the transfer process
follows first-order kinetics and that the off-rate of the transfer protein from the donor vesicle surface is
the rate-limiting step in the transfer process.

Glycosphingolipids (GSL$)are amphipathic molecules their roles as cell surface markers and as modulators of
that together with phospholipids and cholesterol constitute membrane protein function. Also, certain GSLs function as
the basic lipid core structure of biomembranes. Except for the surface binding sites for certain bacteria, their toxins,
their presence at relatively high amounts in the plasma and envelope viruses. For instance, sulfated galactosylcer-
membranes of neural tissues and in the apical membranesamide (sulfatide), but not galactosylceramide or ganglioside
of epithelial cells (about 2530% of total lipids in both GM;, reportedly functions as the binding site for the envelope
membrane types), GSLs are usually minor components inglycoprotein gp120 of the human immunodeficiency virus,
plasma membranes of eukaryotic cells (about 5%)%. HIV-1, in cells lacking the CD4 recepto8) It has also been
The prevailing view has been that newly synthesized GSLs suggested that the simple monohexosy! sphingolipid gluco-
are localized predominantly in the outer leaflet of the sylceramide has mitogenic properties that stimulate cell
eukaryotic plasma membrane. This location is consistent with growth, differentiation, and DNA synthesig)( Moreover,
the tendency of GSLs to organize into lateral membrane
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S Russian Academy of Sciences. Glycolipid transfer proteins (GLTPs) have been identified

1 Abbreviations: GLS, glycosphingolipid; GalCer, galactosylceram- ; : : : : .
ide; GLTP, glycolipid transfer protein; FRET, fluorescence resonance in a wide variety of cell and tissue types, including

energy transfer; AV-GalCeN-[(11E)-12-(9-anthryl)-11-dodecenoyl]- ~ Mammalian brain, liver, kidney, and spleen, as well as in
1-O-3-galactosylsphingosine; Per-T@c-1,2-dioleoyl-3-[9-(3-peryle- spinach chloroplasts (for review, see r&@nd8). These
noylnonanoyllglycerol; POPC, 1-hexadecanoyklsp-octadecenoyll-  proteins catalyze the in vitro transfer of glycosphingolipids

snglycero-3-phosphocholine; POPE, 1-hexadecanoyi®d-octa- -
decenoyl]snglycero-3-phosphoethanolamine; POPS, 1-hexadecanoyl- and glycoglycerolipids between donor and acceptor mem-

2-[cis-9-octadecenoylrrglycero-3-phospha-serine; POPG, 1-hexa- branes. GLTPs appear to be cytosolic and transfer any
decanoyl-24is-9-octadecenoylbn-glycero-3-[phospho-rac-(1-glyc-  glycolipid with a5-glucosyl or$-galactosyl sugar attached

erol)]; DPPA, 1,2-dihexadecanoghglycero-3-phosphate; DOPA, 1,2- ; ; ; ;
di[cis-9-octadecenoyln-glycero-3-phosphate; bIPI, bovine liver to a hydrophobic ceramide or c_hglyc«_arlde backk_)(ﬁ_)e'(wo
phosphatidylinositol; DCP, dihexadecyl phosphate (dicetyl phosphate); Other classes of soluble proteins with glycolipid intermem-

DOTAP, 1,2-dioleoyl-3-trimethylammonium propane. brane transfer activity have been described: (1) glycosidase
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activator proteinsand (2) nonspecific lipid transfer proteins.

Mattjus et al.

2-oleoylphosphatidylethanolamine (POPE), 1-palmitoyl-2-

Glycosidase activator proteins are lysosomal, and their mainoleoylphosphatidylglycerol (POPG), 1,2-dipalmitoylphos-
function is to serve as nonenzymatic cofactors required for phatidic acid (DPPA), 1,2-dioleoylphosphatidic acid (DOPA),

the degradation of glycosphingolipids by the acidic glycosi-

bovine liver phosphatidylinositol (blPI, 1,2-diacgh-glycero-

dases10). In the absence of the degrading enzymes, certain 3-phospho-[1e-myaoinositol]) containing mostly stearic acid

activator proteins display in vitro glycolipid transfer activity

(41%) and arachidonic acid (17.5%), and 1,2-dioleoyl-3-

(11). As a result, secreted forms of certain activator proteins trimethylammonium propane (DOTAP) were all purchased
have been proposed to serve as intercellular transporters ofrom Avanti Polar Lipids (Alabaster, AL). Dihexadecyl

glycosphingolipids. A second class of soluble proteins with
glycolipid transfer activity is the nonspecific lipid transfer
proteins (nsLTPs). Bloj and Zilversmitl®) reported that
different neutral glycosphingolipids as well as ganglioside

phosphate (dicetyl phosphate, DCP) was purchased from
Sigma Chemical Co. (St. Louis, MO). All lipids gave a single
spot when analyzed by thin-layer chromatography. The
fluorescent probedy-[(11E)-12-(9-anthryl)-11-dodecenoyl]-

GM; were transferred by bovine liver nsLTP. Indeed, several 1-O-3-galactosylsphingosine (AV-GalCer) amdc-1,2-di-
nsLTPs identified in both animal and plant sources have beenoleoyl-3-[9-(3-perylenoyl)nonanoyl]glycerol (Per-TG), were

shown to catalyze the in vitro transfer of a wide range of
lipids, including glycolipids {3).

prepared as described earligR( 23. Tritiated bovine brain
galactosylceramide was prepared using a method described

GLTPs have been purified to apparent homogeneity from previously @4, 23. Briefly, the alcohol group at the sixth
porcine and bovine brain, and characterization reveals manycarbon of the galactose sugar was oxidized using galactose

shared propertiesl$, 19. Like porcine brain GLTP, the

oxidase (Sigma Chemicals). The resulting aldehyde group

bovine brain GLTP used in the present study is specific for was reduced back to the original carbinol configuration using

various glycolipids including neutral glycosphingolipids and

tritiated sodium borohydride. LabeletH]galactosylceramide

gangliosides, but does not stimulate phospholipid or neutral was purified using an aminopropyl-bonded phase cartridge

lipid intermembrane transferl§, 17. Sequencing of the

(Burdick & Jackson Laboratories, Muskegon, MI) as de-

porcine GLTP via Edman degradation revealed 208 amino scribed previouslyZ6).

acids and 1 disulfide bond.8, 19. The bovine GLTP is of
similar size with a molecular mass of 234 kDa and an
isoelectric point near pH 9.@§). Several characteristics of

Glycolipid Transfer Protein (GLTP)Glycolipid transfer
protein from bovine brain was purified to homogeneity as
described earlierl®).

bovine and porcine brain GLTPs suggest that these proteins Preparation of Phospholipid Vesicle®onor vesicles

are different from other known lipid transfer proteins. Nearly
all of the lipid transfer proteins that show specificity for
phosphatidylinositol and/or phosphatidylcholine have mo-

consisting of POPC and the fluorescent probes AV-GalCer
and Per-TG, with or without the charged lipids, were
prepared by the rapid ethanol injection techniqé, (28.

lecular masses between 25 and 35 kDa, and the isoelectridriefly, POPC was mixed with 1% AV-GalCer and 1.5%
points are between 4.6 and 5.9. Most of the nonspecific lipid Per-TG from stock solutions [hexane/ethanol, 95:5 (Burdick
transfer proteins, on the other hand, have basic isoelectric& Jackson Laboratories)] and dried under nitrogen and

points, but their molecular masses are in the range ef 12

14.5 kDa. The amino acid compositions of other lipid transfer
proteins also differ from that of GLTP. To date, the only

protein known to resemble GLTP is the fungal protein HET-
C2. This protein is expressed Rodospora anserinahere

it helps regulate cell compatibility interactions during het-
erokaryon fusion. Fusion of compatible cells leads to

redissolved immediately before use in absolute ethanol. The
mixture (5uL, 40 nmol) was rapidly injected with a 28_
Hamilton syringe into a 10 mM sodium phosphate buffer
(pH 7.4, containing 1 mM dithiothreitol, 1 mM EDTA, and
0.02% sodium azide) under rapid stirring at°®7. The final
concentration of the donor vesicles in the assay wasM 3

and the ethanol concentration was less than 0.2%. The final

ascospore production, whereas fusion of incompatible cellsconcentration of AV-GalCer in each assay was QuM3.
triggers a process analogous to apoptosis. Cloning andPrevious studies have shown that monohexosylceramides are
expression of HET-C2 has revealed that this protein is 208 accommodated up to about 25 mol % within PC vesicles
amino acids long, and that there is a 30% identity and a 37% without affecting vesicle stability29). In our case, only 1

similarity between the amino acid sequenc2g)(

mol % of AV-GalCer was generally used in the donor

To further our understanding of the role that membrane Vvesicles. With respect to the critical micelle concentration

properties play in regulating the lipid transfer properties of

(CMC) of AV-GalCer, GalCers with long acyl chains are

the GLTP, we have investigated the effect of surface chargeknown to self-aggregate to form bilayer structures from X-ray

on the initial transfer rates of GalCer between bilayer

studies 80, 3J). It is likely that AV-GalCer exhibits similar

vesicles. To accomplish this, we used a previously developedbehavior because the nonpolar AV group is linked to the

fluorescence resonance energy transfer (FRET) agfay (
Here we find that GLTP-mediated glycolipid transfer is
significantly inhibited by negatively charged lipids. Also, the

carbonyl group via a 12-carbon chain. The CMC of non-
fluorescent ganglioside §3, is estimated to be 16 M (32,
33). Previously, we determined the CMC of AV-labeleg: &

kinetic data are consistent with a transfer process in which to be about 10° M, which is 2 orders of magnitude lower

the off-rate of the GLTP from vesicles containing the
glycosphingolipid controls the overall rate of the transfer
event.

EXPERIMENTAL PROCEDURES

Lipids. 1-Palmitoyl-2-oleoylphosphatidylcholine (POPC),
1-palmitoyl-2-oleoylphosphatidylserine (POPS), 1-palmitoyl-

than the nonfluorescentdg. The CMC of nonfluorescent
GalCer is estimated to be betweend@nd 10° M (33).
Hence, we estimate that the CMC for the AV-labeled GalCer
to be at least 13°-107'* M, or 2 orders of magnitude lower
than the nonfluorescent GalCer.

The acceptor vesicles were prepared by sonicatddgin (
Briefly, POPC was dried in a vacuum and suspended by
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vortexing in a sodium phosphate buffer (pH 7.4) to a
concentration of 50 mM. The suspension was sonicated with
a Heat Systems-Ultrasonics W-225 sonifier on ice, under
nitrogen and was then centrifuged for 90 min at 10@p@0
remove titanium probe particles and multilamellar vesicles
and undispersed lipid. The size of the vesicle populations
reportedly averages about 25 nm in diamef&f).(

[H]GalCer/Charged Vesicle Transfer Assaiy this well-
established assay, donor vesicles are constructed so that the
contain a negatively charged phospholipid and can be 5
separated from neutral acceptor vesicles by ion exchange'__f
chromatography3b). Sonicated POPC donor vesicles con-
tained 1 mol % {H]GalCer, 5 or 10 mol % negatively
charged phospholipid, and a trace amount of nonexchange- —~ T/~
able [“C]tripalmitate. Acceptor vesicles were sonicated 390 400 410 420 430 440 450 460 470 480 490 500 510 520 530 540 550 560
POPC small unilamellar vesicles. Each assay time point Wavelength (nm)
contained 40 nmol of donors, 400 nmol of acceptors, and
transfer protein in a total volume of 3.0 mL of a sodium 1.00
phosphate buffer, pH 7.4. At desired time intervals, acceptor
vesicles were separated from donor vesicles by rapid elution
over DEAE Sephacel minicolumns (1.8 mL). Control experi-
ments indicated typical acceptor recoveries between 70 and
80%. 0.01

Fluorescence Measurementll fluorescence measure- o ————
ments were carried out using a SPEX Fluoromax instrument Time (ssc)
(Instruments S. A., Inc., Edina, NJ). The excitation and
emission band-passes were 5 nm, and the sample cuvette vesicle\ ______
holder was temperature-controlled to £70.1 °C (Neslab,
RTE-111, Neslab Instruments, Portsmouth, NH). buffer '\ GLTP

Kinetic Analysis The fluorescence resonance energy acceptor B
transfer method used for measuring the rate of glycolipid vesicles
transfer between two bilayer vesicle populations has been
describeq previoustZG.) and is summariz_ed in Figure 1. FIGURE 1: Resonance energy transfer assay used to measure the
The excitation spectrum Of, AV-GalCer in POPC occurs transfer rate of AV-IabeIegygalactosylcera¥nide between small
between 330 and 410 nm with peaks near 370 and 390 nmynjlamellar donor and acceptor vesicles. (A) Emission spectra of
whereas the emission spectrum occurs between 390 and 48BOPC donors vesicles containing 1 mol % AV-GalCer, 1.5 mol %
nm with peaks near 415 and 430 nm. The excitation spectrumPer-TG, and 10-fold excess of POPC acceptor vesicles (solid line).
of Per-TG in POPC overlaps the emission of AV-GalCer, The dotted line shows the same vesicles after addmon of GLTP

. . . and after the transfer of AV-GalCer to acceptor vesicles reached

also occurring between 390 and 485 nm with a broad maxi- eqyilibrium. The arrow indicates the wavelength (425 nm) where
mum peak near 450 nm, whereas the emission spectrumhe emission was measured. (B) POPC donor vesicles (40 nmol in
occurs between 470 and 590 nm with a broad maximum peak3.0 mL) were added to a sodium phosphate buffer (pH 7.4) and
near 515 anl) As a resu't, when excited at 370 nm, near'y allowed to equilibrate for 5 min at 37C. Acceptor vesicles were

; ~ ; ; added (400 nmol), and the system was allowed to equilibrate for
complete quenching of AV-GalCer occurs in donor vesicles another 5 min. Next GLTP was addedyg (84.4 pmol), and the

containing nontransferable Per-TG (Figure 1A, solid line). change in fluorescence\F e was recorded. (C) Semilogarithmic
Addition of POPC acceptor vesicles and GLTP results in plot of In [Fu/(F. — Fred] versus time for the trace shown in panel

increasing AV-GalCer fluorescence and diminishing Per-TG B. The slope of this plot was used to calculate the transfer half-
fluorescence as quenching relief occurs due to transfer oftime.

AV-GalCer to the acceptor vesicles (Figure 1A, dotted line).

Because of this spectral response, the kinetics of AV-GalCer
intermembrane transfer can be determined by continuously
monitoring the increase in AV fluorescence at 425 nm as
shown in Figure 1B. Quantitation of the kinetic response

was achieved by recording the increase in fluorescefge (

at 425 nm) as a function of time relative to the quenched

tensity

ence in

re

0.10

donor quch o

(WU ggp) Alisusyul 80Us2$9I0N|§

Time

(Fe — Freg] was determined by a least-squares procedure.
The time point for GLTP addition was taken as the zero time
point. The experimental first-order rate constagts and

the half-timety,, for the transfer rate were determined from
the relationships:

signal level Equenche) Observed prior to GLTP addition. A Kops = —Slope
plot of N2
t. =%
F°° vz kobs
In E—F_
* rec RESULTS

was linear for at least 5 half-times (Figure 1C), consistent GLTP-Mediated Transfer of AV-GalCer Follows First-
with first-order exponential behavior. The slope of Fu.[ Order Kinetics.Because investigations into the kinetics of
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Table 1: Protein-Mediated AV-GalCer Transfer Half-Times under Different Conditions, Using Different GLTP Concentrations (Columns 1 and
2), Different AV-GalCer Concentrations (Columns 3 and 4), and Altered Donor to Acceptor Vesicle Ratios (Columns 5 and 6)

transfer [AV-GalCer] transfer donor:acceptor transfer
[GLTP] (ug) half-time (s) (mol %) half-time® (s) vesicle ratié half-time (s)

2.0 128 0.5 236t 29 1.5 258+ 5
0.94 191 1.0 19& 40 1:10 161t 7
0.47 300 1.5 236- 37 1:20 170+ 11
0.23 351 2.0 216-30
0.12 478 5.0 19@ 11
denatured —2

@ The half-time for the denatured glycolipid transfer protein is very slow and close to the rate for spontaneous transfer, which has been reported

to be >20 h 66). ®0.94ug of GLTP.©2.0 ug of GLTP.

o 20 M GLTP same level after sufficient time. The increase in the transfer
b. 0.94 yM GLTP half-times at different GLTP concentrations are also shown

S 02aiMatTD in Table 1 (left two columns).

8- 012uMaLTE Next the concentration of GLTP and the donor to acceptor
r 1625 ratio were held constant, while the concentrations of AV-
GalCer and Per-TG were varied within the PC matrix.
However, the AV-GalCer:Per-TG molar ratio was kept at
1:1.5 in all experiments, even at higher AV-GalCer mole
percents. Because the Per-TG quencher might phase-separate
in a fluid phase bilayer at higher concentratio86)( 5 mol
% AV-GalCer was the highest concentration examined. The
results in Table 1 (center two columns) show that the transfer
half-time did not significantly change when the concentration
of the transfer protein was kept constant (029 and the
mole percent of AV-GalCer in the donor vesicle population
was varied from 0.5 to 5.0 mol %. The results are consistent
Time (sec) with the transfer process following first-order kinetics.

Ficure 2: Effect of GLTP concentration increase on AV-GalCer Finally, t.he donor vesicle Concent_ratlon and the GLTP
transfer from donor to acceptor vesicles. The fluorescence intensity CONcentration were kept constant, while the acceptor vesicle
was converted to picomoles by assuming that the AV-GalCer probe concentration was systematically varied. Decreasing the
is mass-distributed (like POPC) in the outer and inner leaflets of acceptor vesicle concentration to only a 5-fold excess did
the small and highly curved donor vesicles. Higher concentrations g|ow the transfer rate slightly, whereas increasing the acceptor
?hf eGll(‘)IVeri%ﬁéég?r;%ﬂbﬂ:iirrnn é?;’le; ?g;crhaegotﬁ eli e I‘gceelr_egz LVesicle concentration to a 20-fold excess did not significantly
also Table 1, left two columns. affect the transfer rate relative to that observed at a 1:10
(donor/acceptor) ratio (Table 1, right two columns). The
the GLTP-mediated transfer process can provide insights intoresults suggest that the transfer from the donor surface is
the protein’s mechanism of action, the following experiments the rate-limiting step when there is a sufficient excess of
were carried out. First, the effect of GLTP concentration on acceptor vesicles.
the GalCer intermembrane transfer rate was determined under As pointed out earlier in our FRET experimenid), the
conditions of the fluorescence resonance energy transferpresence of acceptor vesicles is necessary for the transfer
(FRET) assay. As shown in Figure 2, GLTP concentrations process to occur. When catalytic amounts of GLTP (84.4
between 0.12 and 2/M produced progressive increases in pmol) were mixed with donor vesicles alone, no increase in
the AV-GalCer initial transfer rate when the donor to the anthrylvinyl emission intensity was detected for time
acceptor vesicle ratio was maintained at 1:10. The relative periods extending up to 30 min. Yet, subsequent addition of
fluorescence intensity was converted to picomoles, assumingacceptor vesicles to the mixture resulted in immediate and
that AV-GalCer is mass-distributed, similar to the POPC rapid transfer of AV-GalCer (data not shown). Also, if other
matrix in the outer and inner leaflets of the small and highly proteins of similar size and isoelectric point (e.g., ribonu-
curved donor vesicles. Then approximately one-third of the clease) or with a general affinity for lipids (e.g., bovine serum
AV-GalCer originally present (400 pmol) would be expected albumin) were substituted for GLTP, then no change in the
to remain in the inner membrane leaflet, be quenched by AV-GalCer signal response was observed regardless of
the Per-TG, and be inaccessible to GLTP. At equilibrium Whether acceptor vesicles were present.
and with a donor to acceptor vesicle ratio of 1:10, the GLTP  Negatve Surface Charge Slows Down the GLTP-Mediated
would transfer 10/11ths (90.9%) of the AV-GalCer on the Intervesicular TransferBecause thelpf bovine brain GLTP
outer bilayer leaflet to the acceptor vesicles. Considering theis near 9.0 as determined by FLPC chromatofocusing studies
preceding, approximately 665% recovery of the AV- (15), we expected that membrane surface charge might play
GalCer emission signal would be expected when interve- a role in regulating the rate of the GLTP-mediated transfer
sicular transfer equilibrium is achieved. This is what we of glycolipids between membranes. In previous work, testing
observed for the higher amounts of GLTP (Figure 2, traces of this idea was complicated by the radiolabeled transfer
a and b). The lower amounts of GLTP ultimately reach the assay in use, because negatively charged lipid was included

250
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by GLTP. Analysis of the fluorescence data (see Experi-
;' :SPSPP A mental Procedures) permitted calculation of the first-order
0:10:/0 DPPA rate constants and associated transfer half-times for the
d. No GLTP different DPPA membrane concentrations. As shown in
Figure 4A, the transfer half-time is increased over 4-fold
when 5 mol % DPPA is included in the POPC donor vesicles
compared to when DPPA is absent. Increasing the DPPA
concentration to 10 mol % produced a further increase in
the transfer half-time.

To establish whether surface electrostatics could account
for the diminished transfer rates induced by DPPA, two
strategies were employed. First, negative charge was im-
parted to the donor surface using lipids with different polar
headgroups. Second, the effect of increased ionic strength
on transfer kinetics was determined. As shown in Figure 4A,
of, ST replacing DPPA with other negatively charged lipids, such

0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000 as POPS, DCP, bovine liver Pl, POPG, or DOPA, gave the
Time (sec) same effect, i.e., dramatically increased the transfer half-

Ficure 3: Increasing DPPA levels in donor vesicles show a de- time of the GLTP-mediated glycolipid transfer process,

crease in the kinetic rate of AV-GalCer transfer mediated by GLTP. Slmllar transfer half_-t_lmes resulted regardless _Of which
Trace a represents GLTP-mediated AV-GalCer transfer from POPC Negatively charged lipid was used at 5 mol % (Figure 4A,
donor vesicles, and trace d represents the spontaneous transfer agolid bars). At 10 mol % negative charge (Figure 4A, gray

AV-GalCer from POPC donor vesicles with no addition of GLTP.  hars), DCP, bovine liver PI, and DOPA increased the transfer
The amount of GLTP in the a, b, and ¢ experiments was8.0  pajf-time similarly and to a greater extent than POPS, POPG,

in the donor vesicles to achieve separation of donor and ' DPPA. Replacing _the negatiyely charged lipids with 5 or
acceptor vesicles by elution over DEAE minicolumis,( 10 mol % zwitterionic POPE increased the transfer half-

35). If the charged lipid concentration in the donor vesicles tmes only slightly.
was too low, then separation of donor and acceptor vesicles To show that the negative charge effect on GLTP-mediated
was not possible, and accurate lipid transfer kinetics could transfer was not an artifact of using GalCer with a fluorescent
not be achieved. However, the FRET assay provided a meangeporter group, additional experiments were performed using
to monitor glycolipid transfer kinetics without having to the PH]GalCer/charged vesicle assay (see Experimental
separate the donor and acceptor vesicles and thus to asses¥yocedures). However, because this assay relies on differ-
the effect of surface charge on the GLTP-mediated transferences in donor and acceptor charge to achieve the vesicle
of glycolipids 21). separation needed for accurate assessment of transfer kinetics,
Initially, we investigated the effect of having 5 or 10 mol only the relative effect of increasing charge could be
% dipalmitoylphosphatidic acid (DPPA) in the donor vesicles. determined. Using this assay, it was not possible to determine
Figure 3 shows that increasing DPPA levels in donor vesiclesthe PH]GalCer intermembrane transfer rate in the absence
decreased the kinetic rate of AV-GalCer transfer mediated of negative charge. Figure 5 shows the GLTP-mediatef [

2501
200t
150t

100

pmol AV-GalCer

50+

[ No charge A 83 No charge + 0.5M NaCl B
1300 | - 5% negatively charged donors | | EEER 5% negatively charged donors + 0.5M NaCl 14300
EZE3 10% negatively charged donors [ 10% negatively charged donors + 0.5M NaCl
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1100 11100
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T 700t s 41700 ®
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Ficure 4: Effect of negatively charged donor vesicles on the GLTP-mediated AV-GalCer transfer rate. Panel A shows the transfer half-
times for 5 and 10 mol % charged donors, and panel B shows the half-times at high sodium chloride concentrations (0.5 M). The amount
of GLTP in each experiment was 2.@. Values are averages SD of at least 3 different experiments.
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160 —&— 5% POPS
—O— 10% POPS
— 140 g 1200 ~¥— 5%DPPA
"‘q") » . S -8 — 1200 - 1000 —7— 10% bovine liver P
D 120 AT A g 1100 500
g 100 160 & 1000r 600
6 140 8 900 400
(&} 801 120 = 322 200
o L 100 = r
O 80 8 oot 0 100 200 300 400 500
Q 40 60 GLJ 500
g_ 20 40 %, 400
v 20 S 300
ol . —° E 200}
0 250 500 750 1000 1250 1500 1750 2000 2250 2500 2750 3000 3250 3500 = 100 F
v 0 50 100 150 200 250 300 350 400 450 500
B g Ty T B mM NaCl
Rl g Ficure 7: Effect of increasing concentration of sodium chloride
D 0t v;.-,?""v' -0 on the transfer rate of AV-GalCer from negatively charged donor
g ol ¥ 160 vesicles. The inset shows fitted regression curves. Values are
5 o 140 averagest SD of at least 3 different experiments.
Q 8r 4 120
8 6ol 100 If the increased transfer half-times observed when nega-
S wl | :2 tively charged lipids are present in the donor membranes
£ { 40 can be attributed to surface electrostatics, then increased ionic
2 § . 20 strength of the buffer would be expected to reverse the slow-
o e s v =1, down in transfer rate. With the FRET transfer assay, it was
0 1000 2000 3000 4000 8000 G000 7000 8000 8000 10000 11000 possible to examine the effect of ionic strength on transfer
Time (sec) kinetics. Figure 4B shows the effect of 0.5 M NaCl on the

transfer half-times when the different negatively charged
FIGURe 5: Time course of GLTP-mediated transfer of 1 mol % 9 Y 9

[®H]GalCer from POPC small unilamellar donor vesicles containing lipids are presentoln the donor ve_swh_es _at 5 mol % (solid
5 mol % (A) and 10 mol % (B) negatively charged phospholipids bars) and 10 mol % (gray bars). High ionic strength clearly
to neutral small unilamellar POPC acceptor vesicles. The amountabolished the diminishing effects that both 5 and 10 mol %
of GLTP in each experiment was 2.0, and the inset shows fitted  negatively charged lipids had on the AV-GalCer transfer

regression curves. rates. Controls with POPC donor vesicles containing no
charged lipid revealed only small effects of the high salt
5% negatively charged donors concentration on transfer activity. To determine the effective-

4001 £ 10% negatively charged donors ness of NaCl at overcoming the inhibition produced by

negative charge, we used donor vesicles containing POPS,
DPPA, or bovine liver Pl to determine the NaCl concentra-
tion dependence. As shown in Figure 7, reversal of the
negative charge effect occurred at 50 mM NacCl if only 5
mol % POPS or DPPA was present. Interestingly, however,
50 mM NaCl had no effect, reversing the inhibitory effect
of donor vesicles containing 10 mol % bovine liver PI.
Instead, 150 mM NaCl was necessary to completely reverse
that inhibitory effect of the PI.
Positively Charged Surfaces Are Less Effeetat Dimin-

ishing GLTP-Mediated Transfefhough cationic lipids are

- - not common in biological membranes, they can occur trans-
POPS POPG DPPA  DOPA iently in response to certain signaling events (e.g., sphingo-
F'GUIREE"& 'grans{er hta'f'times fordiﬁege”t ”fegati"tﬁ'y ‘]f.rt‘targe‘j lipids sine) and also have been used as transfection agents. To
analyzed by & east squares procedure rom he fied curves Mietermine the effect that a posiively charged surface has o
ug. GLTP-mediated transfer of AV-GalCer, we investigated the

effect of the widely used lipid transfection agent dioleoyl-

GalCer transfer resulting when 5 mol % (panel A) or 10 trimethylammonium propane (DOTAP). As shown in Figure
mol % (panel B) DPPA, DOPA, POPS, or POPG are present 8 (solid bars), addition of 550 mol % DOTAP did impede
in the donor vesicles. Fitting of the kinetic curves to single glycolipid transfer. However, the amount of positive charge
exponential behavior and determination of the transfer rate in the donor vesicle surfaces had to be much higher in order
constants revealed that the transfer half-time was significantlyto achieve the same inhibitory effect on glycolipid transfer
greater for the donors containing 10 mol % negative charge compared to negative charge. Also, 0.5 M NaCl was not as
(Figure 6, gray bars) compared to those with 5 mol % effective at reversing the inhibitory effect on transfer caused
negative charge (Figure 6, solid bars). Yet, DPPA, DOPA, by the positive membrane charge (Figure 8, gray bars).
POPS, and POPG all had similar effects on the transfer rates Location of Charged Lipid to Donowersus Acceptor
when present at identical concentrations. Vesicles Affects the Transfer Kinetiés pointed out earlier,
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1500 [ DISCUSSION
1400 | ; g.%l\?llal\?alCI Previous studies have shown that membrane surface charge
1300 has significant effects on lipid transfer protein catalyzed
1200 | transfer of various lipidsFor instance, negatively charged
& 1100} donor and acceptor membranes reportedly inhibit the activity
of the intracellular phosphatidylcholine transfer protein and
nsLTP @7—39). The phosphatidylcholine transfer activity
of a yeast phosphatidylinositol/phosphatidylcholine transfer
protein also is inhibited by negatively charged phospholipids
and fatty acids40). The C-terminus of phosphatidylinositol
transfer protein has recently been shown to modulate
membrane interactions and transfer activity but not phos-
pholipid binding @1, 42. Plasma-derived phospholipid
, . transfer protein and cholesteryl ester transfer protein that
5 10 20 30 40 50 facilitate the transfer of phospholipids and cholesterol esters,
% DOTAP respectively, between plasma lipoproteins are also sensitive
FiIGURE8: Effect of positively charged donor vesicles on the GLTP- 0 the lipoprotein surface charge. This has recently been
mediated AV-GalCer transfer rate. The solid bars show the transfer shown with different modifications of lipoprotein particles
half-times for 5-50 mol % charged donors without sodium chloride, that altered their surface properties such as chatge49.

and the gray bars show the half-times at high (0.5 M) sodium i
chloride concentration. The amount of GLTP in each experiment In contrast to these inhibitory effects, Sandhoff and

was 2.0ug. Values are averages SD of at least 3 different cqlleagues recen'tly re.p_orted.that negatiyely charged lipids
experiments. stimulate the sphingolipid activator protein, SAP45); In

this study, model vesicles were used to mimic the surfaces
A TIsnoeea B ZRosors |C e of intralysosomal vesicles, and the lysosomal hydrolysis of

sec)
288
o O O

D~
[= 3N =]
o O

500 |

Transfer half time

2722 10% DPPA 1% DPPA A 1% POPG

5% POPG 5% OPPA g %;;:ggge glycolipids by glucocerebrosidase and sphingolipid activator
protein C, SAP-C. The hydrolysis of glucosylceramide was
stimulated 26-30-fold by the presence of SAP-C and anionic
lipids such as dolicol phosphate and phosphatidylinositol at
up to 30 mol %. They further concluded that the presence
of negatively charged groups, such as phosphate, seemed to
be essential for the activation of the enzymes involved in
the glycolipid hydrolysis. Because certain sphingolipid
activator proteins have the capability to function as glycolipid
2% transfer proteins, it was of interest to determine the impact
of surface charge on the activity of the glycolipid transfer
ﬂ ﬂ% protein. An especially suitable way to address this issue was
: by using a fluorescence resonance transfer assay that we
Ry e e ey recently developed for determining the kinetics of protein-
Ficure 9: Transfer half-times for different acceptor vesicle mediated lipid transfer between donor and acceptor mem-
compositions. Panel A shows the transfer rate for negatively chargeddranes 21). The fluorescent reporter group, anthrylvinyl,
donors and neutral acceptors, whereas panels B and C show theserves as the resonance energy donor and is linked to GalCer,
transfer rate for neutral donors with negatively charged acceptors.\whereas the resonance energy acceptor is a perylenoyl-
The amount of GLTP in each experiment was 2@ Values are  |apeled triglyceride. In general, FRET assays are non-
averagest SD of at least 3 different experiments. . . ' g .
destructive and can provide real-time analysis into different
processes in biological systems. The anthrylvinyl/perylenoyl
compared to the 10-fold excess of acceptor vesicles routinelyFRET pair provides distinct benefits over the NBD/lissamine
utilized in these investigations, increasing the acceptor vesiclerhodamine FRET pair, which often has been used to monitor
concentration to a 20-fold excess did not significantly affect protein-mediated lipid transfer and related procesgés (
the transfer rate (Table 1, right two columns). This result, Because lipid transfer proteins often are specific for select
along with inhibition of transfer caused by negative charge lipids or lipid classes, fluorescent labels such as NBD or
in the donor surface, suggested that the off-rate of the transferanthrylvinyl are usually attached to one of the acyl chains
protein from the donor vesicle membrane is the limiting step in order to avoid altering the lipid polar headgroup. Apolar
in the transfer process. If so, then the location of the chargedprobes linked to an acyl chain mimic more closely the
lipid (donor versus acceptor vesicles) would be expected to behavior of natural lipids since the headgroup resembles and
impact significantly on the observed transfer kinetics. To test retains the same structure and molecular shape as the natural
this idea, negative charge was incorporated into the acceptotfipid. In the case of the anthrylvinyl and perylenoyl probes,
vesicles, and the impact on the transfer kinetics was assessedoth fluorophores localize to the hydrophobic region of the
As shown in Figure 9B,C, increasing the charge in the bilayer and thus cause minimal disturbance of the bilayer
acceptor vesicle population from 0.5 to 10 mol % with either interfacial/polar region.
DPPA or POPG gradually slowed the transfer rate, but not Comparison of the transfer rates obtained using the FRET
to the same extent as when the charge was located in theassay and the radiolabeled GalCer assay reveals that GLTP
donor vesicle surface (Figure 9A). transfers the AV-GalCer slower than thé-labeled GalCer.
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This behavior could reflect differences either in the relative
affinity of GLTP for the two GalCer derivatives or in the

packing of each derivative within the donor bilayer vesicles.
The glycolipid interaction site on GLTP might not accom-
modate the bulky AV group as well as a nonfunctionalized
acyl chain. Alternatively, embedding of the apolar anthrylvi-
nyl group in the membrane bilayer might be facilitated by

the C-12 acyl chain used to attach the AV group to GalCer.

In this regard, the AV is quite different from a polar
fluorophore like NBD, that probably tends to ‘loop out’ of
the bilayer interior to the interfacial regioA@, 47). Stronger
anchoring of the AV-GalCer into the donor vesicle might
make transfer by GLTP more difficult than the radiolabeled
GalCer. A decrease in the transfer efficiency of BODIPY-

Mattjus et al.

the donor vesicle surface. The GLTP off-rate from the donor
surface slows down, resulting in a diminished rate of GLTP-
mediated transfer. The preceding scenario is consistent with
several experimental observations. First, a variety of different
negatively charged lipids (PA, PS, PI, DCP) all slow GLTP-
mediated transfer of AV-GalCer nearly equally well when
present in donors at only 5 mol %. Increasing the negatively
charged lipid content to 10 mol % slows transfer even further.
The variation in the efficiency of the different negatively
charged lipids at 10 mol % observed in the FRET assay
might be due to differing charge density distributions on the
donor surfaces and will require further study. In any event,
increasing the ionic strength of the buffer by raising the NaCl
concentration prevents the negatively charged lipids from

cholesteryl ester compared to its radiolabeled counterpart byslowing the GLTP-mediated transfer rate. It is clear that the

the cholesteryl ester transfer protein also has been né8ed (

increased ionic strength does not denature the GLTP.

Nonetheless, it is clear the fluorescent assays provide the Second, when the donor vesicle surface carries a positive
advantage of continuous and more accurate determinationcharge, a slowing of the transfer rate by GLTP occurs. Yet,

of transfer kinetics. In fact, earlier studies of partially purified
bovine GLTP involving pyrene-labeled glucosylceramide

much higher mole fractions of positively charged lipid are
needed to slow the transfer rate to levels observed with lower

showed the dramatic influence that bilayer matrix phase statemole fractions of negatively charged lipids. This finding is

has on GLTP activity 16, 49.

consistent with repulsion of the positively charged GLTP

Using the FRET assay, we observed that if the donor and from the vesicle surface resulting in a diminished GLTP on-
acceptor vesicle membrane surfaces are neutral and carryate and a slowing of the transfer process.

no net charge, then GLTP-mediated transfer of AV-GalCer On the other hand, introducing negative charge into the
is fast and quickly reaches equilibrium. It appears that, at donor vesicle membrane slows the protein-mediated transfer
this equilibrium level, GLTP has transferred nearly all the to a significantly greater extent than when the negative charge
accessible glycosphingolipids in the outer surfaces of theis present in the acceptor membrane. This suggests that the
donor vesicles down the concentration gradient to the GLTP does not necessarily have to be associated with the
acceptors 41). Since the transbilayer distribution of gly- acceptor membrane to be able to release the AV-GalCer. If
cosphingolipids in highly curved phospholipid vesicle mem- interaction of the positively charged GLTP with the nega-
branes has not been established by other methods, we assunii&vely charged acceptor membrane is essential for AV-GalCer
that the AV-GalCer is uniformly distributed between the to be dissociated from the GLTP, an equally diminished
inner and the outer layer. The size of the ethanol-injected transfer rate would be expected, since the positively charged
vesicles averages 25 nm in diameter. Therefore, due toGLTP would be attracted to the negatively charged acceptor
curvature constraints, about two-thirds of the AV-GalCer membrane. Therefore, it is plausible to suggest that GLTP
presumably localizes to the outer leaflet and is accessible tofacilitates glycosphingolipid release from the donor mem-
the transfer protein. The changes that we observe in AV- brane and that the association of the AV-GalCer with the
GalCer emission intensity from time zero to equilibrium for GLTP is weak. This contrasts the behavior of a classical
both the neutral and the charged vesicle systems arecarrier protein, which interacts with the acceptor membrane
consistent with AV-GalCer being mass-distributed in the to complete the transfer event. Additional evidence support-
donor vesicles. We also found that increasing the amount ofing this model comes from earlier attempts to isolate a
AV-GalCer from 1 to 5 mol % did not significantly change glycosphingolipid-GLTP complex by Abe and co-workers,
the transfer half-time, which would suggest that the transfer who reported a stoichiometry of 0.13 to 1 glycosphingolipids
process follows first-order kinetics. Increasing the amount to GLTP in solution §0).
of transfer protein did indeed result in a faster transfer rate  All lipids used in this study are negatively charged under
and a shorter transfer half-time. our experimental and physiological conditions except for
In the present study, all experiments were carried out with phosphatidylcholine and phosphatidylethanolamine. Among
GalCer initially present only in the donor vesicles. We did the negatively charged lipids used in our study, phosphati-
not reexamine the impact of having GalCer in both donor dylserine is the major anionic phospholipid found in the inner
and acceptor vesicles upon initiation of GLTP action. leaflet of many cell plasma membranes (aboutl8% of
Previously, this was reported to have virtually no effect on rat hepatocyte total lipids). Phosphatidylinositol, which also
GLTP-mediated transfer kineticd4, 16. has a net negative charge at physiological pH but is not
Because the isoelectric point for the bovine brain GLTP transferred by GLTP, is found in almost equal amounts in
is near 9.0 15), we expected that membrane surface charge the inner leaflet of the plasma membrane of rat hepatocytes.
might play an important role in regulating the rate of the In contrast, the subcellular content of phosphatidylinositol
GLTP-mediated transfer of glycolipids between membranesis much higher in the Golgi complex, lysosomes, mi-
at physiological pH. Our experimental observations support crosomes, and the nuclear membrane compared to phos-
this thinking and suggest the following scenario. When the phatidylserine. Phosphatidic acid has a plasma membrane
donor vesicle surface carries a negative charge, an increasedontent of about 1% and is also found in the ER where it
residence time of the net positively charged GLTP occurs can serve as a precursor for many phospholipids. Phospha-
due to the electrostatic forces that increase the attraction totidic acid at a plasma membrane level most likely serves as
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a signaling molecule derived through hydrolysis by phos-
pholipase D activity %1). Phosphatidylglycerol is found
mainly in the mitochondria in relatively high amounts, where
it functions as a precursor for the synthesis of the dimeric
phospholipid cardiolipin. GLTP is thought to be a cytosolic
protein, but no definitive subcellular localization has been
established. Therefore, it is difficult to conclude with
certainty if negatively charged lipids in different intracellular
compartments represent a major regulatory mechanism for
glycolipid transfer protein activity in vivo.

Most lipid transport processes in vivo occur through the
Golgi vesicular secretory pathways?, 53. It could be that
the function of GLTP is to maintain and control more specific
glycosphingolipid intracellular distribution, rather than being
a bulk lipid transporter. This is supported by the finding by
Warnock and colleagues that observed a continued transport
of newly synthesized glucosylceramide in Chinese hamster
ovary cells, even though the Golgi vesicular transport path-
way was disrupted by Brefeldin A or by incubation at’15
(54). GLTP might also exhibit an activator protein-like capa-
bility, perhaps in the glycosphingolipid synthesis or homeo-
stasis, since certain glycosphingolipid activator proteins have
shown in vitro glycolipid transfer activitiesl{, 53. In any
case, itis clear that physical characteristics of the membrane,
such as surface charge, impact strongly on the ability of
GLTP to transfer glycolipids between membranes.
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